INTRODUCTION
============

Benign prostatic hyperplasia (BPH), non-cancerous hyperplastic proliferation of the prostate, is one of the most common diseases in elderly males ([@b1-bmb-52-560]). Several drugs targeting α1-adrenergic receptor ([@b2-bmb-52-560], [@b3-bmb-52-560]) and 5α-reductase ([@b4-bmb-52-560]) are the most common choices for clinical management of BPH. However, these drugs have limitation on clinical usage because of side-effects, such as hypertension, nasal congestion, decreased libido, erectile dysfunction, or other drug-related problems ([@b5-bmb-52-560], [@b6-bmb-52-560]). Thus, many studies are struggling to find novel drugs targeting other molecules ([@b7-bmb-52-560]).

Despite that BPH is a benign disease, it develops from uncontrolled hyper-proliferation of the stromal and epithelium region ([@b8-bmb-52-560]). Thus, the fast growing region in BPH also undergoes hypoxic condition and subsequently induces angiogenesis, as like malignant prostatic cancer ([@b9-bmb-52-560]--[@b11-bmb-52-560]). Angiogenic factors, such as vascular endothelial growth factor (VEGF), are highly expressed in tissues of BPH and play a significant role in development and progression ([@b12-bmb-52-560]--[@b16-bmb-52-560]). Several studies have shown that androgen, a key hormone regulating BPH, is a positive regulator for VEGF expression ([@b17-bmb-52-560], [@b18-bmb-52-560]). However, Wen *et al*. ([@b19-bmb-52-560], [@b20-bmb-52-560]) reported that DHT, a most potent androgen responsible for BPH, failed to alter VEGF expression in prostate cancer cells. Thus, the exact mechanism for regulating VEGF in prostate tissues is controversial and unclear.

Sialyllactose (SL), an ingredient of human milk oligosaccharides (HMOs), plays a significant role in a variety of biological functions, such as immune regulation, anti-microbial, postnatal brain development, and prebiotics ([@b21-bmb-52-560]--[@b23-bmb-52-560]). Previously, we found that 6-sialyllactose (6SL) have anti-angiogenic effect via suppressing phosphorylation of VEGF receptor-2 (VEGFR-2) in human vascular endothelial cells ([@b24-bmb-52-560]). Thus, we supposed the hypothesis that 6SL reduces growth of BPH by inhibiting VEGF-mediated angiogenesis.

In this study, we showed that DHT increased expression of VEGFA in prostate epithelial cells and achieved subsequent paracrine angiogenic effect on vascular endothelial cells. The 6SL inhibited the phosphorylation of VEGFR-2, subsequent angiogenic features of vascular endothelial cells, and *in vivo* prostatic hyperplasia. These findings suggest that 6SL might be a novel candidate for treating BPH.

RESULTS
=======

Bioinformatic analysis
----------------------

As a first step for identifying actions of genes related with angiogenesis in human BPH, we applied a bioinformatics approach with the NCBI GEO database (GSE32982) ([@b25-bmb-52-560]). Results from volcano plot analysis showed that angiogenic genes, especially *VEGFA* and *ANPEP* are prominent ([Fig. 1A](#f1-bmb-52-560){ref-type="fig"}). GO enrichment analysis revealed that the angiogenesis pathway was significantly increased in tissues in human BPH group compared with normal control ([Fig. 1B](#f1-bmb-52-560){ref-type="fig"}). The heatmap assayed by GO enrichment analysis also showed that several angiogenic genes, such as *VEGFA*, *ANPEP*, *APOLD1*, *CYR61*, *EGF*, *ANGPTL4*, *FDZ5*, *ANG*, *FLT1*, *APOD*, *JUN*, *CECAM1*, *THBS1*, *ANGPT2*, *ROHB*, *PDGFRA*, and *PIK3CR* were highly expressed in transcriptome of BPH tissue ([Fig. 1C](#f1-bmb-52-560){ref-type="fig"}). Additionally, expression value of VEGFA in BPH tissue is much higher than that in normal and prostate cancer tissue ([Fig. 1D](#f1-bmb-52-560){ref-type="fig"}).

VEGFA expression in DHT-stimulated RWPE-1 cells activated VEGFR-2 in HUVECs
---------------------------------------------------------------------------

To distinguish cells responsible for DHT-induced VEGFA expression, we treated DHT to prostate epithelial RWPE-1 cells and vascular endothelial HUVECs ([@b26-bmb-52-560]). As shown in [Fig. 2A and 2B](#f2-bmb-52-560){ref-type="fig"}, DHT increased mRNA and protein levels of VEGFA only in RWPE-1 cells in a dose-dependent fashion, but not in HEVECs. Thus, to determine the paracrine effect of VEGFA secreted from prostate epithelial cells on the angiogenic features of HUVECs, we designed an *in vitro* experimental BPH model transferring serum from DHT-stimulated RWPE-1 toward HUVECs ([Fig. S1](#s1-bmb-52-560){ref-type="supplementary-material"}). Viability of HUVECs with serum of DHT-stimulated RWPE-1 cells was significantly increased by dose of DHT-stimulation ([Fig. 2C](#f2-bmb-52-560){ref-type="fig"}). Additionally, phosphorylation of VEGFR-2 and its downstream signaling, including Akt and ERK, increased by CM from DHT-stimulated RWPE-1 cells ([Fig. 2D](#f2-bmb-52-560){ref-type="fig"}). Capillary-like tube formation of HUVECs was also evidently grown by CM of DHT-incubated RWPE-1 ([Fig. 2E](#f2-bmb-52-560){ref-type="fig"}). At these concentrations, DHT does not affect viability of RWPE-1 cells and HUVECs ([Fig. S2A and S2B](#s1-bmb-52-560){ref-type="supplementary-material"}). Thus, we set concentration of DHT at 100 nM for consequent experiments.

6SL inhibited paracrine activation of angiogenesis in HUVECs stimulated by DHT-treated RWPE-1
---------------------------------------------------------------------------------------------

Previously, we demonstrated that sialyllactose, especially 6SL, has anti-angiogenic action though inhibiting interaction between VEGFA and VEGFR-2 in the cancer model ([@b24-bmb-52-560]). To elucidate if 6SL also suppress angiogenesis in the *in vitro* BPH model, we treated 6SL on HUVECs before incubation with CM from DHT-treated RWPE-1 cells ([Fig. 3A](#f3-bmb-52-560){ref-type="fig"}). 6SL inhibited proliferation of HUVECs induced by CM from DHT-treated RWPE-1 cells, in a dose-dependent manner ([Fig. 3B](#f3-bmb-52-560){ref-type="fig"}). Activated phosphorylation of VEGFR-2 and its downstream signaling pathway by transferring DHT-stimulated RWPE-1 media were also diminished by 6SL treatment ([Fig. 3C](#f3-bmb-52-560){ref-type="fig"}). We also examined if the capillary like-tube formation of HUVECs were inhibited by 6SL treatment mimicking angiogenesis in the BPH micro-environment. As shown in [Fig. 3D--F](#f3-bmb-52-560){ref-type="fig"}, tube formatting morphology, tube length, and branch points of HUVECs were significantly decreased with 6SL treatment before incubating with CM from DHT-stimulated RWPE-1 cells. From these results, we assume that 6SL inhibited angiogenic features of HUVECs through inhibiting VEGFR-2 activation in the *in vitro* BPH model.

6SL inhibited angiogenesis and hyperplasia in prostatic tissues of rat BPH model
--------------------------------------------------------------------------------

To test if 6SL could reduce growth of prostate tissues, we adopted the chronic testosterone-treated rat model, which has been used to assess drugs targeting BPH ([@b27-bmb-52-560]). In [Fig. 4A](#f4-bmb-52-560){ref-type="fig"}, tissues from the BPH group showed swollen prostate and increased supply of blood vessels. However, the major macroscopic parameter of testosterone-treated prostate tissues was ameliorated by 10 mg/kg of 6SL, 40 mg/kg of 6SL and Saw Palmetto (SP), as positive control, commonly recommended as alternative therapeutic of BPH ([@b28-bmb-52-560]--[@b30-bmb-52-560]). Factors, including prostate weight, relative prostate weight, and PW/BW ratio, which was increased in the BPH group, were all down-regulated in the SP, 10 mg/kg of 6SL, and 40 mg/kg of 6SL-treated groups ([Fig. 4A--D](#f4-bmb-52-560){ref-type="fig"}). Additionally, as shown in [Fig 4E and 4F](#f4-bmb-52-560){ref-type="fig"}, the H&E staining and histological evaluation (TEPT) of prostate tissues clearly demonstrated that the rats with BPH showed increased thickness of the epithelium, constricted glandular lumen area, and typical pattern of hyperplasia. However, these morphological changes in prostate tissues induced by chronic testosterone treatment were ameliorated by treatment of SP, 10 mg/kg of 6SL, and 40 mg/kg of 6SL. Also, the anti-angiogenic effects of 6SL was investigated by

IHC analysis of CD31 expression, a marker of neovascularization. Increased CD31 expression was observed in the BPH group, while 10 mg/kg of 6SL and 40 mg/kg of 6SL-treated groups showed significant decrease of CD31 expression in comparison with that in the BPH group ([Fig. 4G](#f4-bmb-52-560){ref-type="fig"}). SP-treated group also presented reduction of CD31-stained vascularization. Collectively, these results presented that 6SL had anti-angiogenic and anti-hyperplastic effect in the *in vivo* BPH model.

DISCUSSION
==========

Although their significant benefit of 5α-reductase inhibitors and natural products ([@b28-bmb-52-560]--[@b30-bmb-52-560]), there are several reports raising clinical concerns because of their small effective size and risk of adverse effect including sexual complications ([@b31-bmb-52-560]--[@b33-bmb-52-560]). Here, we confirmed that genes related angiogenesis pathways, such as *ANPEP*, *APOLD1*, and *VEGFA*, were elevated in tissues of BPH patients ([Fig. 1](#f1-bmb-52-560){ref-type="fig"}). Among these genes, *VEGFA* was most highly expressed in BPH tissues compared with that in prostatic cancer as well as in normal. As these results show a good correlation with previous studies ([@b34-bmb-52-560], [@b35-bmb-52-560]), we hypothesized that inhibition of angiogenesis may be an alternative therapeutic option.

Previously, expression of VEGF was confirmed in epithelial cells and stromal cells of BPH specimens ([@b15-bmb-52-560], [@b36-bmb-52-560]). The level of VEGF immunostaining is higher in BPH epithelial cells compared with that in stromal cells, even in prostate cancer tissues ([@b24-bmb-52-560], [@b36-bmb-52-560], [@b37-bmb-52-560]). Although there is some controversy ([@b20-bmb-52-560]), the androgen including DHT is regarded as an inducing factor for VEGF expression ([@b17-bmb-52-560], [@b18-bmb-52-560], [@b38-bmb-52-560]). In this study, we detected expression of VEGFA in DHT-stimulated prostatic epithelial cells but not in vascular endothelial cells ([Fig. 2A](#f2-bmb-52-560){ref-type="fig"}). The paracrine effect of VEGF secreted in DHT-stimulated CM of prostatic epithelial cells was also confirmed ([Fig. 2B--G](#f2-bmb-52-560){ref-type="fig"}).

Here, we applied 6SL, previously reported inhibitor of VEGFR-2 activation ([@b24-bmb-52-560]), to block the VEGF-related angiogenesis in *in vitro* and *in vivo* BPH models. 6SL is an acidic component of HMOs harboring diverse biological actions, including cell-pathogen interaction, immune response, brain development, and tumor angiogenesis. In this study, 6SL suppressed proliferation and tube-like morphological changes of vascular endothelial cells via inhibiting activation of VEGFR-2 and its downstream signaling pathway ([Fig. 3](#f3-bmb-52-560){ref-type="fig"}). Additionally, in the rat model, 6SL successfully reduced growth of prostate by means of gross and histological observations ([Fig. 4](#f4-bmb-52-560){ref-type="fig"}). Neovascularization, stained by CD31, was also reduced by 6SL treatment. The effect of 6SL is superior by means of its lower concentration, almost lesser than 2.5 fold, and anti-angiogenic property.

In conclusion, we found that 6SL has inhibitory effect on DHT-stimulated paracrine angiogenesis through suppressing VEGFR-2 activation. 6SL suppressed proliferation, VEGFR-2 signaling pathways, and tube formation of vascular endothelial cells increased by transferring CM from DHT-treated prostatic epithelial cells. *In vivo* experiments, 6SL effectively reduced growth of prostatic tissues and formation of new vessels. From these results, we suggest that 6SL might be a potential candidate for development of a novel drug for treating BPH via inhibition of angiogenesis.

MATERIALS AND METHODS
=====================

Materials
---------

6SL were purchased from Carbosynth Ltd. (Berkshire, UK). Antibodies against phosphorylated and total form of VEGFR-2, Akt and ERK were purchased from Cell Signaling Technology (Danvers, MA). Testosterone propionate (TP) was purchased from Wako Pure Chemicals (Tokyo, Japan). Saw palmetto extract (SP) was obtained from Chongkundang Pharm. (Seoul, Korea). Antibodies against cluster of differentiation 31 (CD31; sc-376764) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Bioinformatic analysis
----------------------

Volcano plot analysis was performed as previously described ([@b39-bmb-52-560]) using transcriptomes of human prostate tissues from normal castrated, benign hyperplasia, and cancer patients (NCBI GEO dataset, GSE32982) ([@b25-bmb-52-560]). Gene Ontology (GO) enrichment analysis (<http://geneontology.org/>) was built also using transcriptomes of human prostate tissue (GSE32982) as described in the previous study ([@b40-bmb-52-560]). Expression values of VEGFA were collected from GEO2R analysis of GSE32982 (Sample ID=210513_s\_at).

Cell culture
------------

RWPE-1 cells were purchased form American Type Culture Collection (Manassas, VA) and cultured in keratinocyte serum free medium (K-SFM) from ThermoFischer Scientific (Waltham, MA). Human umbilical vein endothelial cells (HUVECs) were purchased from Cambrex Inc. (Walkersville, MD) and cultured in endothelial growth medium-2 (EGM-2; Cambrex Inc.) All cell lines were incubated at 37°C in a humidified 5% CO~2~ cell culture incubator.

Cell viability
--------------

Cells were incubated in 24-well plates with indicated concentrations of 6SL or DHT for 24 hours. To examined growth inhibition by 6SL, HUVECs were cultured indicated dose of 6SL and/or conditioned medium (CM) from DHT-treated prostate epithelial cells for 48 hours. Then, MTT solution (0.5 mg/ml) was incubated for four hours at 37°C in a CO~2~ incubator, the formazan crystal were dissolved in 300 μl of ethanol:DMSO (v/v, 1:1) and estimated by measuring absorbance at 540 nm with a microplate reader (Spectramax M2; Molecular Devices, San Jose, CA).

Western blot analysis
---------------------

Total proteins from HUVECs using 1% NP-40 lysis buffer. Equal amounts of proteins were used for Western blot analysis and membrane were incubated with indicated primary antibodies. To detect target proteins, the membrane was examined with a Pierce ECL plus (ThermoFischer Scientific) using ImageQuant LAS4000 (GE Healthcare, Pittsburgh, PA).

Tube forming assay
------------------

A capillary-like tube formation of HUVECs was perfomed with Matrigel-coated 24-well ([@b41-bmb-52-560]). Matrigel (BD Bioscience, San Jose, CA) was mixed with EGM-2 medium and added to each well of the 24-well culture plates. For preparation of conditioned media, RWPE-1 cells (5 × 10^5^) suspended in 1.5 ml of K-SFM were seeded in six-well plates, treated with DHT for 24 hours. After incubation, 1ml of conditioned medium was harvested and mixed with HUVECs, 1% fetal bovine serum (FBS; Sigma-Aldrich) and with or without 6SL. And the mixture was added to 24-well culture plates coated with matrigel at 37°C. After 24 hours of incubation, tube formation of each well was photographed with a light microscope (ECLIPSE TS100; Nikon, Tokyo, Japan).

Animals
-------

All animal experimental procedures were performed on six weeks old male Sprague-Dawley rats (Daehan Biolink Co., Daejeon, Korea) under the Institutional Animal Care and Use Committee (IACUC) of Sangji University before the initiation of animal study (\#2018--25). First, anesthetization with zoletil 50, testicles were removed from rats of the BPH model and after the recovery period, experimental rats of the BPH group were injected with testosterone propionate (10 mg/kg). Rats of the BPH model were orally administrated with or without 6SL or SP (100 mg/kg) using oral zonde for four weeks. At the end of the experiment, prostate tissues were excised, rinsed and weighed immediately after removal. PW/BW ratio was calculated using the following equation: PW/BW ratio = (prostate weight of each animal from experimental group/body weight of each animal from the experimental group) × 1,000.

Hematoxylin and Eosin (H&E) staining and histological analysis
--------------------------------------------------------------

Tissues for H&E staining were fixed with 10% formalin and embedded in paraffin and serially paraffin sections were cut into 4--7 μm thickness. Slides were de-paraffinized and endogenous peroxidase exhaustion was performed. Sections were stained with H&E for histological examination. Images were captured using a SZX10 microscope (Olympus Co., Tokyo, Japan). Thickness of epithelium tissue from prostate (TETP) was measured using Leica Application Suite (ver.3.3.0) software (Leica Biosystems, Wetzlar, Germany) for histological analysis.

Immunohistochemistry (IHC)
--------------------------

Tissue sections were blocked for one hour at room temperature with 10% normal goat serum (ThermoFischer Scientific) and were co-incubated with CD31 primary antibody (1:100) overnight at 4°C. Slides were incubated with Peroxidase AffiniPure Goat Anti-mouse IgG (1:100) for one hour at room temperature, followed by incubation with H&E used as a counterstain. Images of the IHC slides were visualized by optical microscopy (ECLIPSE Ni-U, Nikon) and digital camera (DS-Fi2, Nikon) rendered using NIS-Elements F Ver 4.00.

Statistical analysis
--------------------

Values from cell viability and tube formation assay were calculated by the percentage of control cells and expressed as mean ± Standard Error (SEM). Differences of cell viability between mean values were decided by Student's *t*-test and statistical analysis of tube formation assay and *in vivo* study were decided by one-way analysis of variance with a *post hoc* Dunnet's comparison using GraphPad Prism (GraphPad Software, San Jose, CA). All the experiments were performed at least three times, independently.
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![Bioinformatic analysis using the transcriptomes of human prostate tissues from normal and BPH. (A) Scatter plot of DNA microarray data (GSE 32982), displaying transcript levels in normal control (x axis) and BPH (y axis) tissues. Gene sets encoding proteins related with angiogenesis are represented by red, green and black dots. (B) Heatmap analysis of genes related with angiogenesis was performed on transcriptome data from GSE32982. (C) Relative expression value (log2 transformed) of VEGFA from transcriptome of normal (Norm), BPH, and prostate cancer (Cancer) tissues are presented as means ± SEM. \*P \< 0.05 and \*\*P \< 0.01 comparing each group.](bmb-52-560f1){#f1-bmb-52-560}

![The culture media from DHT-treated RWPE-1 cells induced activation of VEGFR-2 in HUVEC cells. (A, B) The RWPE-1 and HUVEC cells were incubated with DHT for 24 hours. The expressions of VEGFA were determined by RT-PCR (A) and Western blot analysis (B). The expression levels of β-actin and GAPDH were used for internal control for RT-PCR and Western blot analysis, respectively. (C) HUVECs were incubated with CM for 48 hours. For positive control, HUVECs were incubated with VEGF (50 ng/ml). Cell proliferation was measured by MTT assay and presented as means ± SEM. (D) HUVEC cells were incubated with CM for one hour, signal molecules was determined by Western blot analysis. (E--G) Tube formation assay was performed at 12 hours after treatment of culture media on cells on the matrigel-coated plates, scale bar = 10 μm. The length of tube (F) and numbers of branch points (G) were shown as means ± SEM. \*\*P \< 0.01 and \*\*\*P \< 0.001 compared to control.](bmb-52-560f2){#f2-bmb-52-560}

![6SL inhibited angiogenesis of HUVECs induced by culture media of RWPE-1. (A) HUVEC cells were treated with 6SL and angiogenesis induced with CM transfer incubated with DHT of RWPE-1. (B) HUVECs were treated with indicated concentrations of 6SL for 48 hours in the presence or absence of CM for 24 hours. Effect of growth inhibition of HUVECs was measured by MTT assay and represented as means ± SEM. \*\*P \< 0.01 compared to control (1st lane), ^\#^P \< 0.1 and ^\#\#^P \< 0.01 compared to control group (2nd lane). (C) Cells were starved for six hours and pretreated with 6SL for one hour before stimulated with transfer of CM for one hour. Activation of signal molecules was determined by Western blot analysis. (D--F) HUVECs were incubated with sialyllactose in matrigel-coated 24-well plate and CM stimulated by DHT for 24 hours, scale bar = 10 μm. Formation of tubes were observed with a microscope. The length of tube (E) and numbers of branch points (F) of HUVECs were shown as means ± SEM. \*\*P \< 0.01 and \*\*\*P \< 0.001 compared to control (1st lane) and ^\#\#^P \< 0.01 compared to positive control (2nd lane).](bmb-52-560f3){#f3-bmb-52-560}

![6SL reduced prostate growth and histological degree in rats with the BPH model. Prostate hyperplasia induced by BPH were treated 6SL or finasteride by oral administration for four weeks. Representative photographs (A). Total prostate weight of the rat (B), relative ratio of prostate weight (C) and PW/BW ratio (D) was assessed for the control, rat with BPH, SP, and 6SL groups. (E) H&E staining of prostate tissue from rats with BPH models; original magnification 40×. (F) TEPT was measured at the end of the experiment. Results were presented as mean ± SEM. ^\#\#\#^P \< 0.001 compared to control (1st lane), \*\*\*P \< 0.001 compared to positive control (2nd lane). (G) Prostate tissues were immunostained with CD31 antibody to detect newly formed vessels.](bmb-52-560f4){#f4-bmb-52-560}
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